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Introduction
Housing is a dominant asset in the household portfolio, and the major part of housing wealth in advanced economies is concentrated in urban areas. According to the most recent World Bank data, three out of four Germans, four out of five Americans, and nine out of ten Japanese live in cities.
1 Wealth formation in the household sector is therefore closely tied to the evolution of housing prices in the very same locations that lie at the heart of economic activity (Rosenthal and Strange 2004) .
While a steady trend towards urbanization is expected to keep cities growing in terms of population, an often overlooked impact factor on urban housing wealth is a major shift to the age structure of residents. Many advanced countries are stepping into a rapid aging phase, and there is considerable concern about to what extent population aging will affect housing markets. Starting with Mankiw and Weil (1989) , a long list of papers has argued that working age households tend to have greater demand for housing than retirement agers (see, e. g., Engelhardt and Poterba 1991 , Pitkin and Myers 1994 , Ermisch 1996 , Ohtake and Shintani 1996 , Eichholtz and Lindenthal 2014 , and the references therein): in the absence of frictions, the consumption of housing services underlies a lifecycle, which implies that shifts to the age structure alter demand in the market for housing services. A similar argument can be made for the demand of housing as a durable capital good (as for retirement saving): urban house prices will be affected if households entering retirement age dissolve urban housing capital and move towards more remote locations. If demand changes related to aging are reflected in prices (which is plausible in the market for housing), theory suggests that permanent and major increases in the retirement-to-working age ratio of city residents should systematically affect the trajectory of urban housing prices. 2 An issue that has seen much less attention so far in the academic literature is that retirement-age city residents are expected to demand housing in market segments much different from working-age residents. Different segments of urban housing markets should therefore be heterogeneously affected by aging.
The aim of this paper is to examine empirically how historical changes to the age composition of city populations have been related to the trajectory of housing prices, spanning different types of owner-occupied as well as rental housing. In its scope and research design, the study draws upon recent research by Takáts (2012) , who shows that changes to demography have substantially shaped real house price developments in OECD economies during the past 40 years. The cited and related papers are based 1 See http://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS. Depending on national definitions, the term "urban area" can extend to cities, towns, as well as larger conurbations. In this paper, we refer to a sample of 87 administratively self-standing German cities as urban areas. 2 Since a substantial part of urban housing capital is debt-financed, severe house price declines can pose a threat to household net wealth, which can in turn impair financial stability (Mian and Sufi 2011) . The systemic relevance of urban house prices is further amplified by evidence that real house price changes in cities tend to "ripple" towards geographically adjacent regions (Meen 1999, Lee and Chien 2011). on macroeconomic data, which is why they deal carefully with issues related to panel stationarity and model specification. However, a remaining concern with their results is aggregation bias. It is well established that housing markets are local by nature, being linked together in space through commuting, migration or common shocks (Meen 2012) . Such factors are impossible to be appropriately captured by the analysis of nonspatial data. National analysis also uses to pool data on different (and possibly heterogeneous) segments, which precludes any statements on the effects of aging on different housing submarkets. In a recent contribution on segmented housing search, Piazzesi et al. (2015) find that search activity and inventory co-vary positively within but negatively across cities, a finding that strongly supports the analysis of different housing segments at the city level. 3 Collecting data from official and private sources, we construct an untapped panel data set that spans yearly observations on real house prices in different market segments and a broad range of demographic and socio-economic variables for 87 German cities over 1995-2014. We manage to make two major contributions to the literature by studying this data. Following recent work on spatial panel models by Yu (2010a, 2010b) , we first derive possibly unbiased estimates for the aging-house price relationship at the city level within a mixed-regressive spatial panel framework. The framework explicitly accounts for cross-section dependence among urban housing markets as well as for spatially autocorrelated disturbances. Along with spatial dependence, we implicitly control for unobserved heterogeneity in the size of local housing supply elasticity by including city-level fixed effects. Secondly, we establish first-time empirical evidence regarding the heterogeneity in how population aging affects different major housing segments: condominiums, single-family homes and (unregulated) rental apartments.
While not yet having been scrutinized in the literature, this heterogeneity carries important implications for urban housing policy and planning.
Cities in Germany lend their selves exceptionally useful for the analysis of the links between demography and housing prices. Due to historical circumstances -most notably, the political separation of East and West Germany between 1945 and 1990 -there has been considerable variation in demographic developments across urban areas over the last 25 years. This variation partly originates from differences in birth behavior and life expectancy, but also from large differences in net migration. At the same time, the German system of housing finance has been very stable over the sample period. For U.S. cities, differences in the development of subprime lending, mortgage securitization and home foreclosures have been well documented to considerably affect house price trajectories (Favara and Imbs 2015, Mian et al. 2015) . Since the prevalence of subprime lending has been highly correlated with urban demographics such as minority or young working-age households, empirical estimates of the nexus between demographic changes and house prices based on US data may be severely biased.
The considerable amount of cross-city variation in real house price appreciation rates in German cities is illustrated by Figure 1 . The figure combines a weighted average of inflation-corrected annual percentage changes of condominium prices, single-family home prices and apartment rents for different quantiles of the sample distribution (represented by solid, point and dashed lines) with information on the development of consumer housing credit relative to national GDP. The figure shows that house prices for the median city almost remained constant in real terms over the sample period (tracking aggregate national house prices). The level of heterogeneity in price changes across cities, measured by the absolute difference between the highest and lowest annual appreciation rate, ranges from 9.0 percentage points in 2004 to 18.7 points in 2001. No single city experienced a boom-bust cycle in real house prices over the sample period, which is indicated by a national volume of private housing loans that has remained flat relative to aggregate production. 
Source: Authors' own illustration based on data by bulwiengesa AG (house prices), Bundesbank (housing loans) and German Federal Statistical Office (GDP, CPI inflation). Quantiles of the distribution of percentage year-over-year real housing price change across all cities refer to individual years.
Our econometric results lend strong support to the hypothesis that the development of a city's age structure is a fundamental determinant of local house price evolutions. The effects of population aging are heterogeneous across segments: our favorite specification suggests that real sales price growth of existing condominiums and single-family homes is negatively related to stronger growth in the old-age dependence ratio (with condominium prices being more severely affected than home prices), whereas a positive association is found between increases in the old-age dependency ratio and real rent growth. A possible explanation for this asymmetry is that relative demand for condominiums and homes as a form of capital investment is declining with aging populations, whereas demand for housing services in the urban rental sector increases with growing population shares of the elderly. This interpretation is in line with recent micro data evidence that German households do not tend to substantially downsize housing consumption in old age. The remainder of the paper is organized as follows. Section 2 reviews the economic theory on the effects of demography on housing demand and prices. It also discusses the existing empirical evidence at the macro and micro levels. Combining the national perspective with a view on individual cities, Section 3 presents stylized facts regarding the past and expected future developments of key demographic indicators in Germany. In Section 4 we present the data, discuss its cross-section dependence and panel stationarity properties and introduce a generic framework for the econometric analysis. Section 5 serves to present segment-wise regression results for spatial and non-spatial panel specifications of the housing price equations. We interpret direct and indirect spatial effects and discuss similarities and differences between housing segments. Section 6 concludes with implications for policy and further research.
Literature review

Demography and house prices: theory
Economic theory suggests at least three distinct channels through which changes in the age structure of a city's resident population can affect local house prices. The first channel is the effect of aging on the demand for housing services. Along with incomes and preferences, the total number of adult residents is a major driver of aggregate demand for housing services in a location (Mankiw and Weil 1989, DiPasquale and Wheaton 1994) . Assuming that the long-run housing supply schedule is finitely elastic, house prices increase after a permanent positive shock to population size. A change in the house price level due to a population shift without any change to the age composition can be labelled as a size effect.
In addition to the size effect, the optimal path of individual housing services consumption underlies a life cycle (Flavin and Yamashita 2002) : individual housing services consumption should be comparatively low during schooling years, increase with labor market entry, peak at starting and maintaining a family and decrease again in retirement age. 4 When the relative size of the retirement-age population experiences a permanent upward shift, the price of housing services should therefore decline. This can be labelled as an age composition effect, which is expected to act independently of the size effect (Takáts 2012) .
A second channel is the effect of aging on investment demand for housing as a durable asset. In stylized models of savings behavior over the life cycle, young individuals purchase capital as a conduit of saving and retirement provision and dissolve (parts of) their assets in retirement age to move to peripheral locations or to rent again (Henderson and Ioannides 1983, Kraft and Munk 2011) . Analogous to housing services demand, a permanent upward shift in the ratio between retirement-age and working-age individuals thus implies lower investment demand for housing. The magnitude of any price effects arising from such changes in housing investment demand will again depend on the local price elasticity of housing supply. Different from housing services demand, however, the price effects of aging on investment demand are inherently selfreinforcing: forward-looking home buyers may anticipate future price declines caused by forthcoming increases in the ratio of sellers to buyers in the market. Since lower expected real house price gains increase housing capital costs, this decreases housing investment demand and prices further today.
In addition to affecting the demand for housing services and capital, a more subtle third channel relates to the supply side of urban housing markets. While changes to local demography are unlikely to affect construction costs due to the high mobility of construction workers and other inputs, an essential housing production factor that is likely to be affected is the amount of land available for new construction. Anticipating population aging and decline, city planners typically tighten zoning laws in order to stabilize prices in the stock Somerville, 2000, Glaeser et al. 2006) . Another possibility to stabilize prices is to remove excess housing through demolition.
5 Any reduced-form empirical estimate of a house price-demography relationship at the city level will pick up the combined effect of demography-related changes in demand and a possible planning-related change in local supply.
A major difference between a local versus a more aggregate view of the aging-house price link lies in the relative importance of migration. At the level of the nation, internal migration completely cancels out and external migration is typically negligible relative to total population. Demographic change is thus mainly driven by shocks to fertility and life expectancy. In a cross-section of cities, however, internal migration can contribute significantly to demographic shifts. Since the decision to move is not independent of age, a considerable part of the "age composition effect" may originate from net migration: wherever working-age migrants tend to go, the age composition will change towards higher shares of younger age cohorts, while housing demand and prices will tend to increase. Indeed, Arntz and Wilke (2009) show that internal migration in Germany is dominated by job-related moves of high-qualified workers. From a methodological viewpoint, internal migration may also give rise to spatial autocorrelation between individual units of observation.
Existing evidence at the micro and macro levels
Since a seminal paper by Mankiw and Weil (1989) , housing market effects of demographic change have been an active area of empirical research in economics. Combining household data from the US census with time series on the age structure of the US population, Mankiw and Weil constructed a national time series of age-related housing demand and subsequently regressed the first difference in national real home prices against the first difference of this indicator. The regression indicated a strong inverse relationship, which led Mankiw and Weil to conclude that future house prices could decrease to considerably lower levels due to expected demographic headwinds.
While Mankiw and Weil's macro conclusions induced intense debate, their finding of an inverse microeconomic link between age and housing demand found general acceptance among researchers.
6 Unresolved questions, however, remain: one crucial aspect is the timing and effective amount to which the elderly downsize housing consumption. International comparisons have pointed towards considerable differences in age-related housing demand trajectories across countries, with housing demand being rather flat after retirement entry in central European countries (Chiuri and Japelli 2010) . There is also a lack of consensus as to which demographic variables should optimally be used to explain aggregate house price evolutions. In their original paper, Mankiw and Weil state that their demand indicator derived from household survey data is "not very different from a time series on the adult population" (Mankiw and Weil 1989, p. 242) .
Including only changes to the adult population in a housing price equation might produce flawed results, given that an independent and economically meaningful relationship between prices and the age composition of the adult population is ignored.
8 More recent studies have therefore used both overall population size as well as the age structure (in form of the old-age dependency ratio) as self-standing independent variables to explain changes in house prices (see, e.g. Takáts 2012) .
Concerning more recent empirical findings from micro data, Ferndández-Villaverde and Krueger (2007) and Yang (2009) -both using US data -provide evidence that housing consumption in all income brackets first monotonically increases with age, before flattening out towards the end of the life cycle rather than decreasing substantially. This view partially refutes the classic idea of an inverse U-shaped life cycle pattern of housing consumption that easily arrives in the absence of borrowing constraints. For European countries, Eichholtz and Lindenthal (2014) show that cohort-corrected demand for housing services in England steadily increases with age for adult household 6 There are few exceptions to this rule. For example, Green and Hendershott (1996) find that the quantity of housing demand does not decrease with age per se, but is determined by education and income. 7 even clarify that "Mankiw-Weil housing demand (…) is essentially the same as the adult population" (Poterba et al., 1991, p. 186) . 8 Technically, including only changes to the adult population in a house price regression is equivalent with the assumption that shifts to the age structure within the adult population do not matter for price determination in the housing market.
heads, peaking just before retirement (50-64 years). For retirees, housing consumption decreases only at slow pace and constantly remains above consumption levels in younger age. Examining data from the Dutch Housing Demand Survey, Clark and Deurloo (2006) also report evidence of housing over-consumption by elderly households.
For Germany, empirical evidence from micro data equally suggests a rather flat pattern of age-related housing demand after retirement. Based on data from different waves of the German Socio-Economic Panel (G-SOEP), Keese (2012) shows that many Germans do not seriously downsize housing consumption. This holds even in the case that children move out or the partner deceases. Also using data from the G-SOEP, Boehm and Schlottmann (2014) find a moderate probability that Germans who initially achieved homeownership return to rental tenure or move to smaller homes in old age. They also find local house price changes to have little effect on the demand for owneroccupied housing, which they interpret as evidence against a strong independent role of housing investment demand among German households.
While household survey data is regarded highly instructive for analyzing age-related patterns of individual housing consumption, due to limited sample size it has to be silent on the implications of local demographic shifts for wider house price developments in smaller geographic areas. For practical reasons, most studies using micro data focus entirely on the demand for housing services. Recent studies based on aggregate data suggest strong empirical links between demography and housing prices, both at the national and regional levels. Takáts (2012) finds that real house price growth across 22 OECD countries over 1970-2009 was promoted by population growth but heavily depressed by aging populations, ceteris paribus. His favorite specification produces an estimate of the partial elasticity of real house prices with respect to population size of 1.05, while the partial elasticity with respect to the old-age dependency ratio is estimated at -0.68. According to these findings, he projects that the major directional shift in demographics over the next decades should decrease house prices by an average of 80 basis points per annum in the analyzed countries. Saita et al. (2013) get comparable results based on data for Japanese prefectures and US states over 1976-2010 and 1975-2011, respectively . Their results point towards even stronger house price effects of demography: especially for Japanese prefectures, the coefficients estimated on the effects of population aging are larger, while those estimated on total population are comparable to those found by Takáts.
Given the local nature of housing markets, there is a striking paucity of studies that investigate the long-term housing price effects of demography using city data.
9 One of 9 Many papers using local housing market data have concentrated on the short-run, cyclical behavior of metropolitan housing prices. Some studies focus on transitory metropolitan house price bubbles (Gallin 2008 , Goodman and Thibodeau 2008 , Glaeser et al. 2008 . Others focus on the time series properties of city-level house price data (Capozza et al. 2002, Miller and Peng 2006) . Another line of papers has concentrated on heterogeneity with regard to the reactions of city-level house prices to a monetary stimulus or shocks to aggregate macroeconomic variables (Himmelberg et al. 2005, Carlino and DeFina 2008) . Yet the few exceptions is Maennig and Dust (2008) , who study the quantitative relationship between the 1992-2002 percentage change in population and 2002 single-family house prices across 98 German cities. Their analysis suggests no statistically significant relationship between house prices and past population increases, whereas population decline between 1992 and 2002 is associated with significantly lower price levels in 2002.
Since their analysis draws alone on cross-sectional information on single-family home prices, they can neither trace back the effects of gradual changes in cities' age distributions on local house prices over time, nor the heterogeneity of such effects across different segments of the housing market.
National and city-wide demographic trends in Germany
Similar to other advanced economies like the US or Japan, Germany is expected to be severely affected by demographic change in upcoming decades. While the nation's total population remained roughly constant at 81 million over 1995-2014, the most recent 13 th official demographic projection by the German Federal Statistical Office expects the population size to decline by five to ten per cent until the year of 2050 (Destatis 2015) . 10 The main underlying cause of this expected decline is low overall fertility. Importantly, a higher balance of external migration may dampen future decline in population, but not stop or even reverse it.
Combining data from ongoing population statistics with the "medium variant" of the official population projection, Figure 2 shows that even under the assumption of a high long-term average migration balance of +200,000 persons annually, total population will decrease by about over four million inhabitants between 2012 and 2050. In comparing the expected trajectories of the most recent projection with previous contemporary projections that were conducted by the same authority in 2009 and 2006, at the same time the figure illustrates the relatively high uncertainty of population projections.
11 While the most recent projection points towards a slower rate of shrinkage that starts later than projected by its predecessors, the big picture remains largely unchanged.
another strand investigates endogenous spatial contagion and co-cyclicity among metropolitan housing prices (Beenstock and Felsenstein 2010 , Holly et al. 2010 , Kuethe and Pede 2011 , Brady 2011 , Zhu et al. 2013 . 10 The German Statistical Office provides eight different projection scenarios, each of which differs by assumptions regarding the total rate of fertility (the number of live-births per woman), the life expectancy for males and females, and the net migration balance. We report data from two versions of the "medium variant", which assumes that fertility and life expectancy remain at their current levels and only differs with respect to assumptions on net migration. 11 The 2011 Census revealed that continuous updates of population figures from previous censuses based on flow data (deaths, live-births, and new residents' registrations) led to an overestimation of the actual population by about 1.4 million or 1.7 per cent. Interconnected with overall decline, the future age profile of Germany's population is expected to look substantially different from today. Due to low fertility and increasing life expectancy, the national population share of elderly persons is expected to increase at a much higher pace than it did over the past two decades. Figure 3 illustrates this trend by displaying the expected development of the nationwide old-age dependency ratio, which we define as the percentage ratio of persons aged 65 years or older to persons aged between 20-64 years. Information from ongoing population counts is again combined with current and past contemporary projections by the German Federal Statistical Office to highlight uncertainty in demographic projections. Again referring to the "medium variant" of most recent official projection, Germany's nationwide old-age dependency ratio is expected to jump sharply from 0.35 in 2014 to a level of 0.5 in 2030, before growing at a slower pace until 2050. Compared with population decline, this trend is much more substantial and also much less sensitive to net migration: compared to a projected decrease in population size of five to ten per cent over 2014-2030, the projection implies an upward shift in the old-age dependency ratio of almost 50 per cent over the same time horizon. National demographics disguise the high level of spatial diversity as a distinct feature of demographic change. Due to differences in natural population movements and net migration, individual cities can evolve very differently from the nation as a whole. Figure 4 illustrates that the variation of temporal developments of population size and age structures across cities was indeed substantial during the sample period. It displays six characteristic examples by plotting line charts for the total population, the old-age dependency ratio and the inflation-corrected house prices in the three covered segments over 1995-2014 (all series are indexed to 1995=100). Tentatively, less shrinkage and less rapid aging go along with better performing real house prices: Munich's (upper left panel) population displayed mainly positive growth, while its old-age dependency ratio increased only slightly by a cumulative 20 per cent. Real housing prices displayed largely positive growth rates except for rents. The Saxon city of Chemnitz (lower right panel) is an example of exactly contrary developments: due to a strong outflow of working-age persons, population growth was mostly negative, while the old-age dependency ratio increased steeply by a cumulative 67 per cent. Real housing prices in all segments declined considerably. The four other graphs depict examples of cities that lie somewhere between these two extreme cases. In what follows, we analyze this variation in more depth to identify the partial links between cross-city differences in the extent of population aging and segment-wise real house price appreciation. 
Source: Authors' own illustration based on data from bulwiengesa AG (housing prices) and the German Federal Statistical Office (CPI, population, old-age dependency ratio),
Analytic framework and data
A generic model
Demographic change is a potentially important, but not exclusive factor affecting changes to housing demand and prices at the city level. Any reasonable empirical model must accommodate changes to other relevant factors that plausibly correlate with prices and the demographic variables. Along with potential non-stationarity of the individual panel time series, possible concerns are spatial dependence between local house prices as well as common shocks generating spatial correlation in the disturbances.
We specify a generic empirical model as follows:
where ∆ denotes real house price growth in city between time period and − 1 (captured by the first differenced log house price corrected for CPI inflation), ∆ is percentage growth in the ratio of retirement age to working age residents (the old-age dependency ratio), ∆ is percentage growth in total adult population, xit is a vector of further covariates, represents unobserved fixed effects (like local differences in supply elasticity, see Glaeser et al. 2008 , Saiz 2010 , εit is a composite error term, and uit is a random disturbance with zero mean and heteroscedastic variance. The (vectors of) parameters to be estimated in this model are ρ, β1,2, γk and λ. As proposed by Kapoor et al (2007) , this mixed-autoregressive spatial panel specification accommodates cross-section dependence in housing prices by including a spatial lag the dependent variable, as well as spatially correlated common shocks by including a Cliff and Ord type spatial error process in the disturbances. This type of model has been labelled spatial simultaneous autocorrelation (SAC) model by LeSage and Pace (2009) and spatial autoregressive model with autoregressive disturbances (SARAR) by Kelejian and Prucha (1998) . Spatial dependence in house prices may arise from interactions within socioeconomic networks, whereas spatial autocorrelation in the disturbances arises from unobserved shocks or simply from the use of administrative boundaries (Chudik and Pesaran 2014) . Depending on the extent of spatial dependence and on whether the source of dependence is correlated with the included covariates, conventional panel estimators may result in misleading standard errors or even biased and inconsistent estimators (Sarafidis and Wansbeek 2012) . Both spatial processes are governed by a non-stochastic, row-standardized N-dimensional spatial weight matrix W. We choose the elements wij to mirror the inverse physical distances between the geographic centroids of the individual cities.
The vector xit incorporates a set of time-varying covariates for statistical control. Given that changes to local demographics are expected to be correlated with changes to local productivity and labor supply, we include annual growth in real purchasing power per capita. In view of recent empirical evidence that individual education is a key determinant of housing demand (Eichholtz and Lindenthal 2014) and might also serve as a reasonable proxy for expected future income, we additionally include percentage growth in the ratio of workers with college-level education and workers without any educational degree, which we label the city's human capital ratio. Finally, we account for changes in national housing financing costs over time by including the average inflation-corrected effective interest rate on mortgages with initial interest rate fixation periods of 10 years or more in year t.
12
It is important to note that the above specification nests the pooled OLS specification without spatial effects employed on OECD country data by Takáts (2012) , including mortgage interest instead of time fixed effects and augmenting the model by an additional explanatory variable (the human capital ratio). We estimate the same generic equation separately for resale prices of existing condominiums, resale prices of existing single-family homes, and market rents of existing unregulated rental apartments (exclusive of heating and other additional utility costs).
The empirical evidence in favor or against statistically and economically relevant partial associations between real urban house price appreciation in different segments and changes to the old-age dependency ratio will be based on the statistical significance and magnitude of 1 . From theory, negative coefficients are expected for the change in the old-age dependency ratio and for the real mortgage interest rate. The partial elasticities of real house price growth with respect to growth in total population, real purchasing power and the human capital ratio are expected to be positive. For sake of comparison, we additionally report results on estimations of non-spatial versions of the same model by pooled OLS and conventional panel fixed effects.
Data definitions and sources
Our econometric analysis relies on a panel data set with 87 independent German cities ("Kreisfreie Städte") on its cross-sectional dimension and 20 years (1995-2014) on its time period dimension. Figure 5 below illustrates the geographic locations of all cities included in the data set. According to the 2011 Census, the included cities cover 30.5 per cent of the overall German population.
Variable definitions and data sources are reported in Table 1 . As representative measures of urban house prices in different market segments, we use average resale prices and rents for existing condominiums, single-family homes and apartments of predefined size, quality and location. The price information is provided by the private consulting firm bulwiengesa AG. It relies on standardized annual surveys among local appraisers, surveyors and brokers. The data is used for housing market analysis on a regular basis by the BIS, OECD and the German Bundesbank (Kajuth et al. 2013 ) and is widely respected as a valid indicator of spatially disaggregated house prices (for which no public source is available).
13 For a recent macroeconomic study using the data source, see Geiger et al. (2016) . Annual data on city-level populations in different age brackets is obtained from the regional branches of the German Federal Statistical Office. We compute annual percentage changes in total adult population and the old-age dependency ratio, for which we use the same definition as outlined in Section 3.
14 Annual data on local purchasing power per capita is obtained from the private research institution Gesellschaft für Konsumforschung (GfK). The corresponding information is compiled by evaluating publicly available data on local taxable income and consumer spending. We compute the annual changes of the corresponding time series and correct them by CPI inflation to arrive at a measure of the change of real current available income of local residents. Data on percentage changes in the proportion of workers with college degree to those without any formal labor market qualification in each city is obtained from the Federal Employment Agency. Data on average effective mortgage interest rates for residential mortgages are obtained from the German Bundesbank. Data on annual CPI inflation is obtained from the Federal Statistical office. Table 2 reports descriptive statistics for the entire set of variables, along with test statistics on cross-section dependence and panel stationarity. All individual panel time series are annual percentage growth rates. 15 The need for testing cross-section dependence arises from the assumption that cities pertaining to the same national housing market are highly unlikely to be economically independent. Since conventional tests for panel stationarity assume stochastic independence across units, an evolving literature lation counts based on births, fatalities and local public registers. For the Census year of 2011, annual percentage changes are calculated based on pre-Census information on population levels. 15 Table A1 in the Appendix provides an overview of average absolute values over the sample period. Pesaran (2004) . Instead of imposing any dependence structure on the data in form of a particular spatial weight matrix, this test is based on pair-wise coefficients of correlation between the individual time series, which makes the test highly general. We secondly check for unit roots in the individual panel time series employing the Im-Pesaran-Shin panel unit root test in the presence of cross-section dependence (Pesaran, 2007) .
Testing for cross-section dependence and panel unit root
Mean values and standard deviations for the three house price growth rate variables show that house prices in all segments displayed slightly negative average growth rates after correcting for consumer inflation, albeit with considerably large standard deviations that range between 3.7 and 5 percentage points. Concerning the explanatory variables, the annual percentage growth of city-wide old-age dependency ratios was positive on average with a moderate standard deviation, whereas average population and real purchasing power growth were both close to zero. The ratio of high-and low-qualified city workers displayed the highest average annual growth rate among all variables, indicating considerable gains in urban human capital over the sample period. According to the cross-section dependence tests, extensive cross-section dependence is clearly present in all variables. The individual panel time series throughout are panel-stationary under cross-section dependence. Table 2 . Descriptive statistics and tests on panel properties of the data.
Spatial panel estimation results
Main findings
The main results of estimating the house price equation separately by segment with and without spatial effects are reported in Mostly independent of the specification considered, the results lend strong support to our key hypothesis that cross-city heterogeneity in the speed of population aging (and other socio-demographics) is able to systematically explain differences in real house price appreciation. The effects of aging are heterogeneous across segments: for condominiums and single-family homes, we find the expected negative relationship, with sales price growth of existing condominiums being more heavily affected by aging than sales price growth of existing homes. For existing rental apartments, the mixedregressive spatial panel model points towards a positive link between the rate of aging and the growth rate of real rents. The respective coefficient is negative but insignificant in the fixed effects and pooled OLS specifications.
The conjecture that a city's growth rate in real housing prices covaries systematically with house price growth among its geographical neighbors is strongly supported for the condominium and single-family house segments, where we obtain highly significant coefficients for the spatial lag parameter ρ in the range of 0.8. In substantive terms, this implies that a city's expected real growth rate of condo and home prices would be around 0.8 percentage points higher if neighboring cities had an average growth rate of 1 percent compared with a neighbor average of 0 per cent (which is close to the sample mean over [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] . In the case of single-family housing, we additionally obtain a significant parameter λ for the spatial error process incorporated in the disturbances. For the rental housing segment, only the spatial error parameter is statistically different from zero, so there is no evidence in favor of systematic spatial dependence in rents.
Modelling spatial autocorrelation greatly reduces cross-section dependence, which we evaluate from applying the Pesaran (2004) cross-section dependence tests on the regression residuals of each panel specification. While still signaling weak but statistically significant dependence, the test statistics for the spatial panel models shrink by a factor of ten compared to the non-spatial models. At the same time, some coefficient estimates differ substantially, indicating the existence of omitted spatially correlated variables in the fixed effects and pooled OLS specifications. In view of this evidence, we clearly favor the coefficient estimates of the mixed-regressive spatial panel models over the respective non-spatial estimates. The table displays alternative regression results with and without spatial effects. The results are presented separately by segment. Huber-White heteroscedasticity-robust standard errors are presented in brackets. The spatial weight matrix used to model the spatial processes in the mixed-regressive panel (SAC) model is row-standardized inverse distance matrix. ***,**,* denote statistical significance at the 1%,5%,10% levels, respectively.
Since they account for feedback effects among cities, the spatial panel results are considerably richer than the ordinary fixed effects and pooled OLS results. In particular, the expanded set of estimators allows discriminating between the direct, indirect and total effects of a change in explanatory variables. 16 Following the average total impact to an observation viewpoint pioneered by LeSage and Pace (2009), we focus the interpretation of coefficients on the average total effects. Based on the estimates of the average total impact of a global change in old-age dependency ratio growth in the entire sample of cities, a one percentage point increase in the speed of aging in every city would on average imply a 0.8 percentage points lower growth rate of inflation-corrected condominium prices, a 0.5 percentage points lower growth rate of single-family home prices, and a 0.2 percentage point higher growth rate of real rents. These estimates incorporate the complete chain of feedback effects that arise before the system settles to a new long-run equilibrium. For condos and homes, the indirect effects carry the same sign as the direct effects, but are of larger magnitudes. This is explained by the fact that the cumulative indirect effect estimates represent the sum over a large number of partitioned individual effects spreading over first-order, second-order and higher-order neighboring cities. For rental housing, the indirect effects for all variables are statistically insignificant from zero.
Along with statistical significance, the estimates for the average total effects of aging are economically meaningful: with the sample standard deviation of annual old-age dependency growth being 0.0190, increasing the speed of aging in the whole group of cities by one standard deviation in a thought experiment implies that real condo and single-family home prices would have appreciated 1-1.5 percentage points less on average after accounting for the chain of feedback effects through the entire system of cities. Since the sample mean appreciation rate ranges from -0.0028 for condominiums to -0.0127 per annum for single-family homes, this suggests that average price growth in the condo and home segments would have been positive over the sample period if the extent of population aging in German cities had been by one standard deviation less pronounced.
The result of a positive association between the speed of aging and real rent growth appears to be difficult to reconcile with the findings for the other two housing segments and requires further explanation. A possible explanation for the asymmetric effect is that prices in the condo and home markets simultaneously reflect the relative demand for housing services and capital investment in those segments, while prices in the market for rental housing alone reflect relative demand for housing services in this particular segment. It seems perfectly possible that demand for condominiums or single-family homes as investment vehicles decreases with an aging population, whereas demand for housing services in urban rental sectors increases with higher population shares of the 16 Because the magnitude of feedback effects depends critically on the spatial weight matrix W, which has to be defined a priori, we ran all spatial panel estimations with three alternative, row-standardized binary contiguity matrices with cut-off distances of 150km, 200km and 250 km between the geographical centroids of individual cities as alternative measures of spatial relatedness. These modifications did not lead to a qualitative change the estimates for the direct, indirect and total effects. The according results are provided in Table A2 in the Appendix. elderly. Since German individuals tend to not substantially scale down housing consumption in old age (Keese 2012) , downward pressure on prices in the condo and home segments with simultaneous upward pressure on rental prices may be best explained by substitution effects between different types of housing. For this interpretation to be valid, it is necessary that rental apartments, condos and homes form relatively autonomous segments that are separated by institutional barriers and populated by heterogeneous clienteles. Otherwise, simple asset pricing theory would need the reaction of prices in those different segments to always be positively correlated.
The coefficients estimated on the partial relationships between real urban house prices and further demographic and economic fundamentals by and large meet with theoretical expectations. We find that the temporal development of a city's economic productivity, measured by changes to real purchasing power per capita and the qualification of its workforce, act as a positive driver of real price appreciation, at least for the condominium and single-family home segments. We neither find a consistent positive statistical association between rent growth and purchasing power nor between rent growth and changes to human capital. This could be explained by the fact that renting is generally less common among the high-qualified, who have benefited disproportionally from real income gains over the sample period. After controlling for spatial dependence, we do not find any significant partial association between house price growth and population growth (in the fixed effects regression for single-family home prices, the coefficient for population is significant, but carries an implausible negative sign, whereas in pooled OLS for rents it is significant and positive). 17 In line with expectations, real house prices appreciate more strongly in the presence of lower real mortgage rates at the national level, a finding that holds across all models (with the only exception of single-family home prices in the spatial panel model, where the effect is negative but insignificant).
18 Consistent with this, Geiger et al. (2016) recently provide evidence that national German house prices are well explained by an inverse demand model in which the mortgage interest rate plays a dominant role.
While evidence in favor of real income growth spurring demand for housing (a normal good) and thereby house prices has been present in the literature for long, evidence that an increasing shares of academic workers in urban labor forces result in more positive trajectories of urban house prices (at least for the upper-tier market segments) is more recent. Our results here are in line with seminal work by Shapiro (2006) , who argued that local human capital accumulation increases house prices by affecting both 17 Temporal changes in household formation behavior, especially a steady trend towards smaller households, may be a reasonable explanation for the missing house price-population link. 18 According to the spatial panel estimates for condominiums, a global increase in the national real mortgage interest rate by one percentage point decreases the average rate of real price appreciation in the sample of cities by 0.9 percentage points. A coefficient of this size suggests that the European Central Bank's low interest rate policy in response to the financial crisis plays an important role in explaining the substantial increase in real housing prices in many German cities since the year of 2009. local productivity and quality of life. Gyourko et al. (2013) recently show that the growing spatial skewness in U.S. metro house prices is related to inelastic supply of land in attractive locations combined with an increasing number of high-income workers. Eichholtz and Lindenthal (2014) have added microeconometric evidence on this subject, focusing on the link between individual human capital and housing demand.
How do the results compare to the existing literature?
In order to illustrate how our results relate to recent studies on the subject, Table 4 lists the regression coefficients for three main variables of interest (old-age dependency, population, and income) derived from the favorite specification together with the results of two recent relevant studies by Takáts (2012) and Saita et al. (2013). 19 While the validity of any comparison of results across studies must be limited due to differences in the estimation technique employed, the data used and housing segments covered, the table illustrates striking qualitative and quantitative similarities between the results. All three studies find the partial elasticity of real house prices with respect to changes in real per capita incomes to be positive and less than one. While both Saita et al. and Takáts find positive elasticities. our estimates for the partial elasticity of real house prices with respect to changes in overall population size are not different from zero. Most notably, the econometric results of all three studies yield strong support to the conjecture that changes in age distributions act as strong drivers of real capital gains in housing markets. In absolute numbers, the average total impact estimates for the negative sensitivity of real condo and home prices to a global change in the old-age dependency ratio in the present study (-0.8 for condos and -0.5 for homes) is in the range of the partial elasticities that Saita et al. find for all housing in US states (-0.54) and Takáts finds for all housing in OECD countries (-0.68). They are considerably lower than the partial elasticity that Saita et al. report for real land prices in Japanase prefectures (-1.73 ). The positive statistical assocation that we report for rental prices in the unregulated apartment segment is new to the literature and could motivate further research.
In summary, while there is still only a few number of empirical studies that exploit the rich temporal information coming from long (spatial) panel data sets, there is now a growing body of evidence in favor of economically meaningful effects of population aging on house prices at the local, the regional and the national levels. 19 Takáts uses housing price data from the Bank of International Settlements International Property Price Database, which includes data on different forms of housing. Saita et al. (2013) use US housing price data from the Federal Housing Finance Agency (all transactions indexes). The statistical definition of the old-age dependency ratio complies with the one used in the present paper. The table displays the regression coefficients found in the present study with evidence from previous research. The results for the present study refer to the average total effect estimates of the baseline specification of a mixedregressive spatial panel model including the annual mortgage rate and spatial fixed effects. The results of Saita et al. (2013) refer to the long-run coefficients of their baseline specification of a panel error correction model including regional fixed effects. The results of Tákats (2012) refer to his baseline specification of a pooled OLS model including time fixed effects.
Conclusions
How house price developments are affected by long-run demographic change in industrialized countries is of critical relevance for home owners, investors and policy makers alike. In addition to the risk of population decrease, an often overlooked risk factor for housing wealth consists in a gradual but pronounced shift to the age structure of residents. Due to the age dependency of private demand for different forms of housing, population aging can unfold heterogeneous impacts across different housing market segments, an issue that has so far been largely ignored by the literature.
Estimating a mixed-regressive spatial panel housing price model with city-level data for different housing segments from the German market, the results of this paper demonstrate evidence of negative and economically meaningful effects of population aging on real sales prices of condominiums and single-family homes. This holds after controlling for cross-section dependence, spatial fixed effects and possibly confounding time-varying factors. Sales prices in the condo segment are found to be more heavily affected by aging than sales prices in the single-family home segment. We additionally show that real rent growth is positively associated with faster increases in city-level old-age dependency ratios, a finding that might be explained by increasing relative demand for types of housing that provide only housing services.
Concerning the economic magnitude of the results, our estimates suggest that real average price growth in the more investment-oriented segments of condominiums and homes would probably have been positive if the old-age dependency ratio had grown by about one standard deviation less in German cities over the past two decades. If the magnitude of these historical relationships continues to hold, projected severe population aging will be a huge hampering factor to real house price growth in almost any urban housing market in Germany over the next decades. As with any study employing demographic relationships, it is evident that the estimates on the aging-housing price relationship have to be treated with the appropriate care. The causal mechanisms underlying the empirical links between these variables can and do change with changes in household preferences, housing finance institutions and the elasticity of housing supply.
The most obvious implications of these findings for policy are related to the field of urban housing policy and planning: the most successful cities of in aging societies will be those that best manage to supply to the housing needs of their elderly residents. In view of our results, promoting a well-functioning urban rental sector might gain even higher importance in this area. Another application concerns policies related to private old-age provision, which occurs strongly in direct investment in residential real estate (often promoted by tax benefits or direct transfers). In view of our results, governments in countries with rapidly aging societies may reassess policies related to wealth creation in the household sector. An objective of such policy could be to prevent households from holding wealth portfolios that are heavily skewed towards highly illiquid assets that face low or even negative expected real future returns.
A question open to further investigation is to what extent shifts to the age structure of cities are plausibly exogenous to urban house price growth. As adverse price effects related to aging make urban housing in certain segments more affordable, this could in principle render younger households to invest in an aging city. Existing research at the micro level points out that migration decisions in different age brackets are at least partially sensitive to intercity house price differentials in their levels, while they appear to be insensitive to differentials in changes in house prices (Rabe and Taylor, 2012) . Future research could take our findings as a starting point to think more deeply about possibilities to disentangle first-from potential second-round effects in the relationship between aging and urban house prices. To do so, it appears promising to account for the distribution of urban amenities and their evolution over time within a dynamic spatial equilibrium framework, such as the one proposed recently by Glaeser et al (2014) . 
